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SHORT REPORT
Dietary effects on abundance and carbon utilization ability
of DMSP-consuming bacteria associated with the copepod
Acartia tonsa Dana
YUAN DONG1, GUI-PENG YANG1* & KAM W. TANG2
1Key Laboratory of Marine Chemistry Theory and Technology, Ministry of Education, College of Chemistry and Chemical
Engineering, Ocean University of China, Qingdao, China, and 2Virginia Institute of Marine Science, Gloucester Point, USA
Abstract
Dimethylsulfoniopropionate (DMSP) is a ubiquitous methylated compound in the ocean and a precursor of the climatically
active gas dimethyl sulfide (DMS). Copepods have been shown to contain DMSP-consuming bacteria (DCB) in their
bodies, which could exploit DMSP ingested by the copepods and attain fast growth. We compared the DCB abundances
associated with the copepod Acartia tonsa Dana that were fed different microalgae. DCB recovered from the copepods were
used in enrichment experiments to study their ability to grow on different methylated compounds. Our results showed that
DCB abundance associated with A. tonsa was independent of dietary DMSP content. The DCB were able to grow on
carbon sources other than DMSP, indicating their ability to assimilate both carboxyl chain carbon and methyl carbon. The
independence from food DMSP content and versatility in carbon substrate utilization would allow DCB to maintain a viable
population among zooplankton, even in DMSP-poor conditions. Coupling between DCB and zooplankton therefore
represents a persistent and potentially important sink of DMSP in the ocean.
Key words: Dimethylsulfoniopropionate, copepod, most probable number, carbon utilization, methyl group
Introduction
Dimethysulfoniopropionate (DMSP) produced by
marine phytoplankton (Keller et al. 1989; Kirst
1996) is the main precursor of the climatically active
gas dimethyl sulfide (DMS) (Charlson et al. 1987).
Functioning as an osmolyte and cryoprotectant,
DMSP comprises as much as 1020% of cellular
organic carbon in some algal species (Matrai & Keller
1994). Upon release into the water column, DMSP
may undergo various chemical and biological decom-
position pathways. Previous research has shown that
biological decomposition is far more important than
the chemical lysis (Yang & Qi 1999). Bacteria can
break down DMSP through cleavage (Dacey & Blough
1987) or demethylation/demethiolation (Visscher
et al. 1994), and use DMSP as the sole carbon source
(Ledyard et al. 1993). In the North Atlantic and
North Sea phytoplankton blooms, it was estimated
that DMSP supports over 5% of the microbial carbon
demand (Zubkov et al. 2001; Simo´ et al. 2002). In the
Caribbean Sea, free-living DMSP-consuming bac-
teria (DCB) comprised 10% of the total bacteria
(Visscher et al. 1992). In the Gulf of Mexico, Kiene et
al. (2000) found that dissolved DMSP is mainly
consumed by free-living bacteria. In Tokyo Bay, Niki
et al. (1997) also found that the free-living bacteria
played an important role in sinking for DMSP.
The catabolism of DMSP by free-living bacteria
has been a main focus in DMSP research (Reisch
et al. 2011); in comparison, DCB associated with
higher organisms are less frequently studied but can
also play an important role in DMSP turnover.
Zooplankton bodies are organic-rich hotspots that
carry orders of magnitude higher bacterial concentra-
tions than the surrounding water (Tang et al. 2010).
Through feeding, zooplankton can concentrate phy-
toplankton DMSP into their gut (Tang et al. 1999),
where DCB may thrive. Indeed, DCB have been
recovered from the calanoid copepod Acartia tonsa
Dana, 1849 feeding on the prasinophyte Tetraselmis
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impellucida, accounting for 10% of culturable bac-
teria associated with the copepod, and their activities
could be high enough to consume all DMSP passing
through the copepod gut (Tang et al. 2001b).
Because both abundance and composition of
copepod-associated bacteria can change based on
food type consumed by the copepod (Tang et al.
2009), our hypothesis was that copepod-associated
DCB abundance could positively correlate with the
DMSP content of the food. In this way, we studied
how DCB abundance associated with A. tonsa
differed among five phytoplankton treatments of
different DMSP contents (Table I). To further test
how the copepod-associated DCB would degrade
molecular DMSP, we used five carbon compounds
of different chemical structures (Table II): DMSP,
monomethylamine (MMA), dimethylamine (DMA),
dimethylsulfoxide (DMSO) and glycine betaine
(GBT) enriched the DCB. By comparing the growth
rates of the resultant DCB on these five substrates,
we could get a better understanding of carbon
utilization by copepod-associated DCB and the fate
of DMSP in the marine environment.
Material and methods
Plankton cultures
Acartia tonsa Dana was collected from the York River
estuary, Virginia and maintained in the laboratory
(Tang 2005). The copepods were maintained at 199
18C on a 12 h light : 12 h dark cycle with aeration.
Five axenic phytoplankton species were grown in
sterile f/2 medium at 19918C, 60100 mE m2 s1
under a 12 : 12 h dark : light cycle. Medium was
made with sterilized (autoclaving followed by 0.2 mm
filtration) Instant Ocean artificial seawater (ASW).
All culturing maintenance was performed inside
a biosafety cabinet to avoid contamination. Before
each experiment, the axenic status of the cultures was
confirmed by either inoculating aliquots in marine
broth or DAPI staining (Porter & Feig 1980). Any
culture that indicated bacterial contamination was
discarded. Experimental food concentration was ad-
justed to 350 ng C ml1 to maximize the ingestion
rate by A. tonsa (Tang et al. 2001a).
Grazing incubations
For each diet treatment, 15 adult female copepods
were first starved in 0.2 mm filtered ASW for 24 h to
minimize the effect of feeding history. Afterwards,
they were acclimated to the experimental diet in a
1-litre bottle for 48 h, then split into triplicate
129-ml rotating bottles, each with 5 copepods and
freshly prepared axenic food as described above,
then allowed to graze for 24 h.
DCB abundance determination
Copepod-associated DCBs were extracted at the end
of the grazing incubation and quantified by Most
Probable Number (MPN) method (Tang et al.
2001b). Briefly, at the end of the grazing period, the
copepods from each bottle were thoroughly rinsed 3
times with sterile ASW to remove loosely attached
bacteria, then transferred with to a sterile plastic test
tube with sterile ASW to make a total volume of 2 ml.
The copepods were homogenized on ice with an
ultrasonic homogenizer (4 W output; 5 cycles of 5 s
on/5 s off: Tang 2005). After each homogenization,
the probe was rinsed with sterile ASW so that the final
volume of the homogenate was 3 ml. From each
homogenate, 0.3-ml aliquots were used to inoculate
into 50% MM medium and 50% sterile ASW (Hines
et al. 1997) in test tubes to make a dilution series of
101 to 109, which made the final volume of
incubation solution to 3 ml, then followed with three
tubes per dilution level. Triplicate dilution series were
therefore set up, with one for each grazing bottle, for a
total of 81 test tubes. All test tubes contained 1 mM
DMSP as the sole organic carbon source and were
kept at 308C in the dark. After 2 weeks, the presence/
absence of bacteria in the tubes was verified by DAPI
staining (Porter & Feig 1980). The MPN of DCB in
the original homogenate was determined (DeMan
1975) and extrapolated to DCB per copepod.
Bacterial growth experiments
DCB recovered from the Skeletonema marinoi,
Tetraselmis sp. and Dunaliella tertiolecta treatments 
representing high, medium and low dietary DMSP
Table I. Axenic phytoplankton species used in the experiments. CCMP no. refers to strain numbers in the Culture Collection of
Marine Phytoplankton, Maine. Carbon content was estimated from cell volume (Strathmann 1967). DMSP content was taken from
the literature. ND, not detectable.
Species Taxonomic group CCMP no. Carbon content (pg cell1) DMSP content (mg DMSP g1 C)
Skeletonema marinoi Coscinodiscophyceae 1332 33 36.79 (Keller & Korjeff-Bellows 1996)
Tetraselmis sp. Prasinophyceae 882 43.6 23.5 (Keller et al. 1989)
Alexandrium tamarense Dinophyceae 1771 3000 1.6 (Lin et al. 2001)
Rhodomonas salina Cryptophyceae 1319 29.9 0.33 (Tang et al. 1999)
Dunaliella tertiolecta Chlorophyceae 364 31.1 ND (Keller et al. 1989)
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contents, respectively  were used for growth experi-
ments. Aliquots of 0.1 ml were taken from the
highest MPN dilution level with positive bacterial
growth, which in principle contained the numerically
most abundant DCB strain(s) in the original homo-
genate, and inoculated into triplicate bottles contain-
ing 50 ml 50% MM medium and 15 mmol C l1 of
one of the following organic compounds: DMSP,
MMA, DMA, DMSO or GBT. When necessary, the
pH of the medium was adjusted to 8.0. All bottles
were kept at 308C in the dark. Bacterial growth was
followed by optical density measurements (OD580),
which were pre-calibrated to cell counts. Growth
rates were calculated from the growth curves prior to
onset of senescence.
Statistics
MPN data were log-transformed and tested for
normality with the ShapiroWilk test; one-way AN-
OVA followed by Tukey Pairwise Comparisons was
used to detect differences among diet treatments.
Growth rates were compared by one-way ANOVA and
Tukey Pairwise Comparisons; when criteria for para-
metric tests were not met, ANOVA on ranked data was
used. The significance level was set at pB0.05.
Results
Although the homogenates contained remains of
copepod body tissues, using a carbon weight of
4.6 mg ind1 for Acartia tonsa Dana (Tang et al.
1999), the amount of carbon from copepod body
tissues was equivalent to only 1.28% DMSP-carbon
added even at the lowest MPN dilution level. We may
therefore assume that bacteria recovered from the
MPN dilution series were using DMSP as the sole
carbon source, not carbon from the copepod tissues.
DCB were recovered from all treatments (Figure 1),
among which the Skeletonema marinoi treatment
yielded the highest abundance (3.64106 DCB
copepod1) and the Rhodomonas salina treatment
the lowest (2.40104 DCB copepod1). Because
axenic phytoplankton was used as food, the recov-
ered bacteria represented DCB originating from the
copepods and not food particles. The highest DCB
density observed in the enrichment cultures was
2.8108 cells ml1. Assuming a carbon content of
149 fg C cell1 for exponentially growing bacteria
(Vrede et al. 2002), this translates to 3.5 mmol Cl1,
equivalent to 23% carbon incorporation. DCB
from the S. marinoi treatment had the lowest growth
rate in DMSO, and similar growth rates in the other
substrates (Figure 2). DCB from the Tetraselmis
sp. treatment did not grow on DMSO, and had
Table II. Substrates used in the growth experiments. DMSP was
obtained from Research Plus Inc., New Jersey; all others were
from Sigma-Aldrich, St. Louis.
Substrate Chemical formula
Dimethylsulfoniopropionate
(DMSP)
(CH3)2S
CH2CH2COO

Monomethylamine (MMA) CH3NH2
Dimethylamine (DMA) (CH3)2NH
Dimethylsulfoxide (DMSO) (CH3)2SO
Glycine betaine(GBT) (CH3)3N
CH2COO

Figure 1. Most probable number (MPN) of DCB associated with Acartia tonsa feeding on different diets. Error bars represent standard
deviation (SD) of 3 replicates. Diet treatments with different letters are significantly different from each other (pB0.05).
Dietary effects on DMSP-consuming bacteria 811
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the highest growth rate in MMA. DCB from the
Dunaliella tertiolecta treatment had similar growth
rates in MMA, DMA and DMSO, which were all
lower than those in the other two substrates; the
highest growth rate was observed in GBT.
When comparing growth rates on the carbon
sources among DCB from the different diet treat-
ments, DCB isolated from the D. tertiolecta treatment
grew faster in DMSP, DMSO and GBT than DCB
from the S. marinoi and Tetraselmis sp. treatments.
In contrast, DCB isolated from the Tetraselmis sp. and
D. tertiolecta treatments grew at the same rate in DMA,
which was higher than DCB from the S. marinoi
treatment. No difference was found in DCB growth
rates in MMA among the three diet treatments.
Discussion
The five phytoplankton species used in this study
had similar cell size (10 mm cell length), except for
Alexandrium tamarense (35 mm). In the experi-
ment, we used high food concentrations to ensure
the maximum ingestion rates and also standardized
the total carbon concentration in the feeding experi-
ments, so the different cell sizes should not have
affected the grazing behaviour of the copepod.
Marine copepods are densely colonized by diverse
bacterial communities, which benefit from organic
substrates ingested by the copepods (Tang 2005;
Tang et al. 2010). An earlier study showed DCB
abundance in Acartia tonsa Dana increased by
100-fold after the copepods consumed non-
axenic DMSP-containing phytoplankton (Tang
et al. 2001b). We originally expected copepod-
associated DCB abundance to positively correlate
with DMSP content of the food. On the contrary,
DCB abundance in the DMSP-deficient Dunaliella
tertiolecta treatment was comparable to that in
the DMSP-containing Alexandrium tamarense and
Tetraselmis sp. treatments. These results were con-
sistent with previous observations, which indicated
that the copepod-associated bacterial community
composition as measured by degenerated gradient
gel electrophoresis remained rather invariant when
the copepod fed on axenic food (Tang et al. 2009).
A likely reason is that copepod-associated DCB
could use other carbon compounds that were present
in the food to establish a viable population. Previous
studies have shown that free-living DCB could
utilize more than one substrate (Diaz et al. 1992;
Visscher & Taylor 1994), and that bacteria asso-
ciated with copepod bodies, copepod fecal pellets
and the surrounding water share some common,
functional, bacterial groups (Delille & Razouls 1994;
Hansen & Bech 1996). Therefore, it is reasonable to
expect that the copepod-associated DCB could use
other carbon substrates. This hypothesis was sup-
ported by results from the growth experiments.
Figure 2. Substrate-specific growth rates of DCB extracted from Acartia tonsa feeding on (top) Skeletonema marinoi, (middle) Tetraselmis sp.
and (bottom) Dunaliella tertiolecta. Error bars represent SD of 3 replicates. Within each diet treatment, bars with different letters indicate
differences among substrates (pB0.05); within each substrate, bars with different filling patterns indicate significant differences among
diet treatments (pB0.05).
812 Y. Dong et al.
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Although the DCB were isolated using DMSP as
the sole carbon source, they were subsequently able
to grow on other carbon compounds. The different
observed growth rates reflected isolate-specific dif-
ferences in their substrate utilization ability. Among
the compounds used, MMA, DMA and DMSO
contained carbon only as a methyl group. Positive
growth in these substrates showed the DCB’s ability
to assimilate methyl carbon. GBT is structurally
similar to DMSP and is often used as a competitive
inhibitor for studying microbial degradation of
DMSP (Kiene & Gerard 1995). It was therefore
not surprising that DCB from all three diet treat-
ments grew on GBT. Because the substrates were
standardized to the same carbon concentration,
4060% of the carbon in the DMSP and GBT
media was in the carboxyl chain. Yet, DCB from the
D. tertiolecta treatment grew significantly faster with
DMSP and GBT than with other substrates, sug-
gesting that this isolate more efficiently assimilated
carboxyl chain carbon than methyl carbon. DCB
from the Skeletonema marinoi treatment had compar-
able growth rates with DMSP, MMA, DMA and
GBT, indicating similar efficiencies in assimilating
methyl carbon and carboxyl chain carbon. DCB
from the Tetraselmis sp. treatment had the highest
growth rate in MMA. The simple stereo-chemical
structure of this mono-methylated compound may
allow the isolate to utilize it more efficiently than the
more complex DMSP, DMA and GBT molecules.
DMSO is an important part of DMSP dynamics
(Hatton & Wilson 2007) and is turned over by
free-living bacteria at a lower rate than DMSP (Simo´
et al. 2000). Consistent with that, we found that
copepod-associated DCB did not grow or grew at
a lower rate in DMSO than in DMSP, implicating
a higher energy cost for splitting methyl carbon from
the sulfinyl group.
The isolate from the D. tertiolecta treatment had
a much higher growth rate in DMSP than in the
other diet treatments. This was unexpected because
D. tertiolecta contained no detectable DMSP, yet
it supported the growth of a bacterial population
inside the copepod that was very efficient in using
DMSP. The independence from food DMSP con-
tent and versatility in carbon substrate utilization
will allow DCB to maintain their populations
among zooplankton even under DMSP-poor condi-
tions, and they will readily consume DMSP when it
becomes available. This coupling between DCB and
zooplankton represents a persistent and potentially
important sink of DMSP in the marine system.
In our study, DCB were defined by their ability to
utilize DMSP. This definition may include different
bacterial phylotypes, which may respond to dietary
factors other than DMSP. A previous study showed
that phytoplankton species under non-axenic condi-
tions deliver different bacterial phylotypes to zoo-
plankton leading to the development of different
microbial communities in the zooplankton bodies
(Tang et al. 2009). Based on the results from the
present study, it is conceivable that changes in
the prey field in the ocean will result in different
DCB communities associated with zooplankton.
Future studies should consider how the temporal
and spatial variations in phytoplankton community
composition affect DCB community development
among the zooplankton, and the subsequent effects
on DMSP turnover.
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